We sought to determine the relative velocity sensitivity of stretch reflex threshold angle and reflex stiffness during stretches of the paretic elbow joint in individuals with chronic hemiparetic stroke, and to provide guidelines to streamline spasticity assessments. We applied ramp-and-hold elbow extension perturbations ranging from 15 to 150°/s over the full range of motion in 13 individuals with hemiparesis. After accounting for the effects of passive mechanical resistance, we modeled velocity-dependent reflex threshold angle and torque-angle slope to determine their correlation with overall resistance to movement. Reflex stiffness exhibited substantially greater velocity sensitivity than threshold angle, accounting for ~ 74% (vs. ~ 15%) of the overall velocity-dependent increases in movement resistance. Reflex stiffness is a sensitive descriptor of the overall velocity-dependence of movement resistance in spasticity. Clinical spasticity assessments can be streamlined using torque-angle slope, a measure of reflex stiffness, as their primary outcome measure, particularly at stretch velocities greater than 100°/s.
Introduction
Spasticity is classically defined as a velocity-dependent increase in resistance to imposed movement, indicative of an exaggerated stretch reflex in elongating muscles (Lance 1980b) . Although the impact of spasticity on the overall post-stroke movement disorder has increasingly been questioned (Burne et al. 2005; Ellis et al. 2017; McPherson et al. 2017; Sommerfeld et al. 2004) , the degree of stretch reflex exaggeration is nevertheless a readily observable marker of spinal motoneuron excitability. Presumably, altered stretch reflex excitability stems from a subset of the same neural substrates that contribute to other, more functionally limiting, components of the post-stroke motor impairment sequelae (e.g., flexion synergy expression; (Brunnstrom 1966; Dewald et al. 1995; Ellis et al. 2008; Sukal et al. 2007) ). Thus, stretch reflex excitability could continue to be a useful clinical tool, particularly when viewed as a means to gauge the impact of rehabilitation interventions on spinal sensorimotor integration itself (in addition to being used as a potential marker of functional impairment). This is likely to become increasingly important as new pharmacological treatments arise that directly target endogenous neuromodulatory pathways and spinal motoneuron excitability.
To meet the demands of this purpose, the precision of stretch reflex assessments must be substantially improved over current clinical standards. Indeed, the Ashworth/ Modified Ashworth Scale-long the clinical standard-is poorly correlated both with neuromechanical and biophysical measures of stretch reflex excitability (Alibiglou et al. 
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2008; Bakheit et al. 2003; Bhadane et al. 2015; Calota et al. 2008; de Vlugt et al. 2010; Naghdi et al. 2008) . A full characterization of stretch reflex excitability is infeasible in the clinical and/or clinical research settings. It requires quantitative measures of the angle of reflex initiation (also known as the threshold angle) and reflex stiffness during imposed excursions, both at a range of velocities. However, if either the threshold angle or reflex stiffness alone is capable of adequately describing the reflex behavior across velocities, then assessments could be directed to that specific feature of the reflex response-minimizing the additional time required for examination over current clinical standards while increasing the precision of measurement.
Here, we systematically probe the proportion of reflexdriven movement resistance mathematically accounted for by reflex threshold angle and reflex stiffness in the contralesional elbow flexors of individuals with chronic unilateral brain injury. The contralesional elbow flexors are implicated in a variety of functional impairments arising from changes in spinal motor excitability, including flexion synergy expression and spasticity (Ellis et al. 2017; Jin and Zhao 2018; McPherson et al. 2018a, b; Sommerfeld et al. 2012) . We balance the competing needs of efficient implementation and high precision using a clinically available mechatronic device and biomechanical measures of the stretch reflex response. The choice of biomechanical (rather than electromyographic) outcome measures supports the goal of increased efficiency primarily because placement and analysis of electrodes requires more time than a purely biomechanical assessment, limiting its translation to clinical settings. Biomechanical outcome measures also retain high precision when extracted using mechatronic devices and afford multiple options for reflex response parameterization.
Our primary finding was that increases in reflex stiffness mathematically account for a significantly greater proportion of the overall movement resistance during elbow extension than do reductions in reflex threshold angle. Across all participants and changes in velocity, increased reflex stiffness explained an average of 74% of the increases in movement resistance associated with increased stretch velocity compared to only 15% for threshold angle. These findings indicate that reflex stiffness provides a more sensitive means of inferring spinal motor excitability in the paretic elbow flexors than reflex threshold angle. Because reflex stiffness accounts for the majority of changes in movement resistance across all velocities, these findings also suggest that reflex stiffness alone may be sufficiently sensitive to be used alone as a primary outcome measure in the paretic elbow flexors when speed of assessment is a priority. The experimental protocol described here could also be extended to joints with different neural, biomechanical, and functional properties to determine whether reflex stiffness and reflex threshold angle continue to exhibit differential velocity sensitivity and whether either parameter can serve as a standalone marker of spinal motor excitability.
Methods

Participants
Thirteen individuals with unilateral brain injury participated in this study. Participants were examined by J.P.A.D. to verify their admissibility into the study using the following inclusion criteria: hemiparesis with motor impairment of the upper limb, absence of sensory, proprioceptive, and muscle tone abnormalities in the non-paretic upper limb, absence of severe wasting or contracture in the paretic upper limb, absence of significant cognitive or affective impairments, lack of significant concurrent medical problems (e.g., cardiorespiratory impairment), no current use of anti-spastic medications, and capacity to provide informed consent.
Motor function of the paretic upper extremity was evaluated with a protocol first described by Brunnstrom (1966) and further elaborated by Fugl-Meyer et al. (1975) . This assessment evaluated muscle tone (including passive and active range of motion and tendon reflexes), as well as the ability of the participant to perform movements within and outside of the pathological stereotypic movement patterns. Cumulative upper extremity scores on the Fugl-Meyer motor assessment approaching 60 or more of a total of 66 are commonly considered to indicate mild involvement, whereas scores less than 20 indicate severe impairment (Velozo and Woodbury 2011) . Participants had mild-to-severe levels of spasticity as assessed by the Ashworth scale, with scores ranging from 1 to 4 (out of 4) for the elbow flexors (Ashworth 1964) . The results of these assessments are given in Table 1 . All experimental procedures were approved by the Institutional Review Board of Northwestern University and complied with the principles of the Declaration of Helsinki. Informed consent was obtained prior to each experimental session.
Experimental protocol
The experimental apparatus and participant preparation used in this study have been described previously (Schmit et al. 1999) . Briefly, a Biodex Rehabilitation/Testing System 2 (Biodex Medical Systems, Inc, Shirley, NY; hereafter referred to as Biodex) device was used to impose elbow flexion/extension ramp stretches that contained a constant angular velocity portion. The hand and wrist were casted and fixed to a manipulandum extending from the Biodex motor axis (Fig. 1) . The center of rotation of the elbow was aligned with that of the Biodex motor. The motor position was adjusted to achieve a shoulder abduction angle of 80° and shoulder flexion of 3°-10°. With full elbow extension defined as 180°, minimum elbow angles ranged from 47° to 55° while maximums were 130°-157°. The variation in angles was due to inter-subject variations in ROM and arm size. After being interfaced with the Biodex device, a series of ~ 30 passive elbow flexion/extension stretches (6°/s, full ROM) were delivered to the relaxed arm to ensure that reflex responses would be stable without substantial adaptation effects during subsequent reflex quantification procedures (Schmit et al. 2000) .
Building on recent work (Condliffe et al. 2005; McPherson et al. 2011 McPherson et al. , 2017 , we chose to use larger displacement stretches (~ 90°) than are traditionally used with ramp-andhold (Powers et al. 1989 (Powers et al. , 1988 Thilmann et al. 1991) , pseudorandom binary (Ludvig et al. 2011; Mirbagheri et al. 2012) , or multi-sine perturbations (Forbes et al. 2011; Ludvig et al. 2011; Mirbagheri et al. 2012) . The choice of large displacement ramp-and-hold stretches facilitates clinical translation because it most closely mirrors current clinical examinations in terms of the stretch profile (e.g., Ashworth, Tardieu), it does not require reprogramming of commercially available mechatronic devices, it does not require use of advanced system identification techniques or applied mathematics to compute reflex-related parameters (as do pseudo-random binary and multi-sine perturbations), and it ensures a sufficient angular range over which to exceed the threshold angle and estimate reflex stiffness. Each elbow perturbation sequence consisted of a constant velocity stretch of the elbow flexors, a 10 s pause and a return to the starting position using constant velocity stretch of elbow extensors (Fig. 1) . The cycle was repeated every 60 s. Ten angular stretch velocities were tested: 6, 15, 30, 45, 60, 75, 90, 105, 120 , and 150°/s, with five trials conducted at each velocity. All stretches were performed with the limb in a relaxed state, and participants were asked not to intervene during the execution of the ramp stretches. If excessive postural or contralateral upper limb movements, yawning or coughing occurred during a trial, it was not included in subsequent analyses. Five test epochs, each consisting of one trial per test velocity, were applied sequentially. Within each epoch, stretch velocities were tested in a random order. This procedure was implemented to eliminate any bias associated with the order in which stretch velocities were applied (Schmit et al. 2000) .
Surface electromyographic (EMG) recordings were made of the biceps, the brachioradialis and the lateral head of the triceps. Electrodes (Conmed, Diagnostic 1700-003) were placed on lightly abraded skin with the sensor directly over on the muscle belly, approximately halfway between the origin and insertion and approximately halfway medio-lateral. Electrode contacts were oriented perpendicular to the primary muscle fiber direction. Electrode leads were connected to an isolated, differential preamplifier/filter, the signal was band pass filtered at 10-500 Hz and pre-amplified by 1000. Further amplification of 1-50, depending on the signal amplitude, was performed prior to digitizing the data.
Analysis
Given the generally higher prevalence of reflex hyperexcitability in the elbow flexors compared to the elbow extensors post-stroke, the analyses and results presented herein focus on elbow flexor stretch reflexes. The overall resistance to a single imposed stretch-that is, the net elbow torque recorded by the Biodex-contained inertial, viscous, and stiffness components whose contribution to the total resistance was dependent upon a given stretch profile. For the fully passive limb, the total resistance to movement has traditionally been modeled with a second-order rigid body equation of motion such as the following (Bennett et al. 1992; de Vlugt et al. 2001; Halaki et al. 2006; Kearney et al. 1997; Lambertz et al. 2003; Perreault et al. 2000; Zhang and Rymer 1997): where τ is net torque, t is time, is elbow angle, I is inertia, B is viscosity, and K is passive stiffness. In stretches that
elicit a reflex, the net torque also contains an active resistance component, and thus the torque-angle relationship can be described as follows (Koo and Mak 2006; Lindberg et al. 2011): where the net resistance to movement (τ Net ) is the sum of passive inertial (τ I, passive ), viscous (τ B, passive ), and elastic (τ K, passive ) contributions, respectively, and the reflex-driven stiffness (τ Reflex ).
To avoid the undue influence of inertial torque, we extracted reflex-related parameters from the constant velocity portion of each stretch. Additionally, we subtracted from the net torque evoked at each test velocity a 5th order polynomial approximation of the 6°/s torque for each participant (Fig. 2a) , which represents the passive stiffness of the joint (Dewald et al. 1996; Schmit et al. 2000 Schmit et al. , 1999 Schmit and Rymer 2001; Sinkjaer and Magnussen 1994) . We then bandpass filtered this torque 3-5 Hz using a zero-phase delay filter. This manipulation minimized the impact of passive stiffness on subsequent parameter estimations, and was possible because passive resistance during elbow extension is Fig. 2 Subtraction of passive stiffness from stretches evoking a reflex. a Passive elbow-flexion torque generated during a 6°/s stretch (solid gray line) is subtracted from the net elbow-flexion torque generated at 90°/s (dashed black line), leaving a reflex-dominated 90°/s torque profile (solid black line). x-axis: angular excursion (degrees); y-axis: elbow torque (Nm). b Verification of passive resistance to stretch. EMG activity of the biceps is shown during the 6°/s stretch in a. Reflex threshold (dashed black line) was set at 3× standard deviation of resting activity level, which was estimated over 1 s immediately prior to stretch initiation (shaded dark gray area). If smoothed EMG activity (black line) exceeded this threshold, a stretch was considered to elicit a reflex. Gray trace: raw biceps EMG; x-axis: time (sec); y-axis: EMG amplitude (% maximum) largely velocity insensitive for the angular range and velocities tested in this study . Note, however, that passive stiffness is a function of joint angle (i.e., it is not constant over the range of motion). The passive nature of each 6°/s stretch was verified by assuring that no significant increase in EMG activity was present during the stretch (< 3 × standard deviation of background biceps EMG; Fig. 2b ). For comparison, Fig. 3 shows the EMG activity and torque records from a 6°/s and a 90°/s stretch within a single participant, with clear reflex-evoked biceps EMG and torque present in the 90°/s stretch.
The torque resulting from removal of inertial resistance and passive stiffness was thus dominated by reflex-driven stiffness. However, it should also be noted that the viscous contribution to overall movement resistance remained present in these reflex torque estimates. Although this contribution does increase with increasing stretch velocity, its impact is fixed throughout the constant velocity portion of an individual stretch and thus does not account for the increased resistance seen with increased angular displacement.
Additionally, Lindberg et al. (2011) have found that passive viscosity may in actuality, be reduced in individuals with spasticity secondary to unilateral brain injury.
The following reflex-related parameters were separately extracted for each stretch velocity and participant: 3. Velocity-dependent reflex threshold angle: The dual estimation approach was used to determine the robustness of each component (i.e., maximum reflex torque, reflex stiffness, reflex threshold angle) to changes in parameter definitions, given the lack of standardization observed across the experimental and clinical literature. The magnitude and direction of association between each of the above parameters and stretch velocity (i.e., the velocity dependence) was calculated using Pearson's product-moment correlation. All comparisons were considered significant at the α = 0.05 level.
Results
Qualitative aspects of reflex torque as a function of stretch velocity
Stretch reflex torques for two representative participants (at three velocities) are shown in Fig. 5 , each over the full extension range. Both participants demonstrated a velocity-dependent increase in average reflex stiffness and a velocity-dependent decrease in absolute threshold angle. Furthermore, the shape of the torque-angle plots changed significantly for larger angular perturbations, as demonstrated by the participant depicted in the bottom panel of Fig. 5 . Such torque plateau behavior has been previously reported (Schmit et al. 1999 ).
Quantitative aspects of reflex torque as a function of stretch velocity: single participant data
The overall velocity sensitivity that was observed qualitatively in the individual torque-angle profiles (Fig. 5) was also evident in the extracted stretch reflex parameters, which are shown for a single representative participant in Fig. 6 . Peak reflex torque and torque measured at 5° from end range both increased as a function of increasing stretch velocity, and were statistically indistinguishable from one another (Fig. 6a) . The average reflex stiffness and the peak instantaneous stiffness also increased with increasing stretch velocity (Fig. 6b) . Expectedly, average reflex stiffness was less than or equal to instantaneous peak reflex stiffness due to a plateau in the torque-angle curves before the end of the stretch. Both estimates of reflex threshold angle exhibited an inverse relationship with stretch velocity and were statistically indistinguishable from one another (Fig. 6c) . 
Quantitative aspects of reflex torque as a function of stretch velocity: group data
All participants demonstrated a marked velocity sensitivity of reflex torque magnitude, with close intra-participant agreement between the two measures of the torque-velocity relationship (Fig. 7, top panel) . All correlation coefficients between velocity and torque magnitude were positive and significantly different from zero, reflective of the characteristic increase in reflex torque as a function of stretch velocity. The majority of participants also exhibited significant velocity-dependence of reflex stiffness and threshold angle (Fig. 7, middle and bottom panels) , regardless of parameter definition. Nevertheless, some intra-participant inconsistencies were noted between definitions. For example, while all participants exhibited a significant, positive correlation between torque-angle slope and velocity, participants C, I, and L did not exhibit a significant correlation between stretch velocity and peak incremental stiffness (Fig. 7 , middle panel). Likewise, some intra-participant inconsistencies were also noted in the apparent velocity sensitivity of threshold angle (Fig. 7, bottom panel) . Most notably, velocity sensitivity appeared to increase when threshold angle was defined as the angle corresponding to 20% of the peak instantaneous reflex stiffness rather than the angle corresponding to 0.2 N m above baseline torque. Specifically, threshold angle was significantly correlated with velocity in all but one participant (Participant I) when calculated using 20% of the peak instantaneous reflex stiffness, whereas the absolute threshold angle was not significantly correlated with velocity in 5 participants (C, F, I, L, M). Paradoxically, in participant J we observed an apparent positive correlation between velocity and absolute threshold angle, which was driven by threshold angles at or very near the home elbow position angle even during slow stretches.
Given the variability inherent to estimates of both the velocity-dependent threshold angle and reflex stiffness, we developed a participant-specific model to further investigate the velocity sensitivity of these two parameters. In this model, resistance to an imposed movement begins at a participant's threshold angle for a given stretch velocity and increases linearly as a function of angular excursion at a rate defined by the slope of their reflexive torque-angle relationship at that velocity (see Fig. 8a for the modeled stretch responses in one participant for all velocities). We then calculated the effect that a change only in the threshold angle (deltaT_threshold) or change only in the torque-angle slope (deltaT_slope) would have had on the overall reflex-driven resistance to movement (deltaT_overall) as stretch velocity was increased (see Fig. 8B for a representative example) . Subsequently, we determined the Change Accounted For (CAF) by threshold angle and torque-angle slope (again, Fig. 6 Representative comparison of torque magnitude, torque-angle slope, and velocity-dependent threshold angle estimation methods at each stretch velocity. a Reflex torque magnitude increases with stretch velocity for both estimation methods. x-axis: stretch velocity (°/s); y-axis: elbow torque (Nm); black circles: peak reflex torque; gray triangles: torque at 5° from end rage. b Both estimates of stiffness increase as a function of stretch velocity; however, some inconsistencies between estimates are apparent. x-axis: stretch velocity (°/s); y-axis: incremental stiffness (Nm/°); black circles: peak incremental stiffness; gray triangles: stiffness derived from the slope of linear regression fit to the torque-angle relationship at each velocity. c A reduction in both estimates of threshold angle is apparent as stretch velocity increases, with relatively close agreement between estimation methodologies. x-axis: stretch velocity (°/s); y-axis: threshold angle (°); black circles: absolute threshold angle; gray triangles: angle corresponding to 20% of peak incremental stiffness. Data taken from a single representative participant Fig. 7 Velocity sensitivity of reflex parameters. Top panel: All participants show a significant positive correlation between torque magnitude and velocity. Black circles: torque at 5° from end range; gray circles: overall peak torque. Middle panel: All participants except for C, I, and L exhibit a significant positive correlation between torqueangle slope and velocity. Black circles: regression-based torque-angle slope; gray circles: peak of instantaneous torque-angle slope. Bottom panel: across participants, threshold angle is less strongly correlated with stretch velocity. Black circles: absolute threshold angle; gray circles: relative threshold angle. All panels: x-axis: participant; y-axis: Pearson correlation coefficient (R). Light gray shading represents statistically significant correlations at the α = 0.05 level Fig. 8 Linear reconstruction of torque responses and effects of threshold angle or slope changes on net reflex torque at increasing velocities. a As stretch velocity increases, the threshold angle (y-intercept of each line) decreases and the torque-angle slope increases, combining to result in a higher net reflex torque. Data derived from a single participant. x-axis: elbow angle (°); y-axis: reflex torque (Nm); line colors depict reflex responses modeled at different stretch velocities. b ΔT threshold reflects the increase in torque that would result only from a reduction in threshold angle. ΔT slope reflects the increase in torque that would result only from a change in torque-angle slope, and ΔT overall reflects the observed net increase in torque, which reflects changes in both threshold angle and slope. In this example, it can be qualitatively observed that ΔT slope represents a larger proportion of ΔT overall than does ΔT threshold . x-axis: elbow angle (°); y-axis: reflex torque (Nm); solid black line: linear approximation of actual reflex response at 15°/s; solid gray line: linear approximation of actual reflex response at 150°/s; dark gray dashed line (small hashes): torque response that would arise from a combination of a 150°/s threshold angle a 15°/s torque-angle slope; light gray dashed line (wide hashes): torque response that would arise from a combination of a 15°/s threshold angle and a 150°/s torque-angle slope one measure of reflex stiffness) for all possible increases in stretch velocity, and expressed these values as a percentage of the overall change in elbow torque observed for a given increase in velocity.
• ∆T overall = (peak regression torque at higher velocity − peak regression torque at lower velocity) • CAF threshold = ∆T threshold /∆T overall • CAF slope = ∆T slope /∆T overall • CAF remainder = 100% − (CAF slope + CAF threshold )
As an example, a change in perturbation velocity from 30°/s to 150°/s resulted in approximately 8 N m of additional resistive torque across participants (Fig. 9 , crosshatched bar for "mean"). Approximately 70% of this increase in torque could be accounted for by an increase in the slope of the torque-angle relationship (i.e., increased reflex stiffness; Fig. 9 , blue bar for "mean"), while only 13% was accounted for by a reduction in velocity-dependent threshold angle (Fig. 9 , red bar for "mean"). Results for individual participants are also depicted in Fig. 9 , ranked in descending order from the greatest to the least overall increase in torque.
Expanding upon these results, Fig. 10 represents the CAF for all possible increases in velocity, averaged across all participants. In Fig. 10a , the average increase in reflex torque is plotted for all possible increases in stretch velocity. Predictably, the maximum increase in torque (~ 10 N m) resulted from the greatest increase in velocity, from 15°/s to 150°/s. Panels b and c of Fig. 10 show the average CAF by increases in the slope of the torque-angle profile and decreases in reflex threshold angle, respectively. Across all participants and all possible increases in velocity, increases in torque-angle slope accounted for 60-91% of the total observed increase in reflex torque, averaging approximately 74% (Fig. 10b) . By contrast, velocity-dependent reductions in threshold angle with no associated change in reflex stiffness accounted for only 7-30% of the overall increase in torque, averaging a 15% contribution (Fig. 10c) .
Interestingly, it can be seen in Fig. 10b that the CAF by slope reaches its peak when velocity is increased from 120°/s to 150°/s and not when velocity is increased from 15°/s to 150°/s, where the greatest increase in net torque is observed. This finding is related to the CAF by threshold angle, which reaches a minimum when increasing from 120°/s to 150°/s. Indeed, when increasing from the lowest possible velocity to the highest, both the slope of the torque-angle relationship and the velocity-dependent threshold angle have a large capacity for change. As such, each component can account for a significant portion of the increased torque. However, as can be seen in Fig. 8a , threshold angles tend to reach a floor as velocity increases above ~ 90°/s, after which point nearly all additional changes in net torque must be accounted for by slope increases.
It should be noted that reductions in velocity-dependent threshold angle and increases in torque-angle slope did not uniformly account for 100% of the overall increase in torque (Fig. 10d) , even in the case of high velocity stretches. This change unaccounted for by either threshold or slope ranged from 1 to 29% of the total increase in torque, but on average only accounted for 10% of the increase in torque. Because this Fig. 9 Proportion of net increased torque attributed to threshold angle and torqueangle slope changes as stretch velocity increases from 30°/s to 150°/s. On average, this velocity increase resulted in approximately 8 N m of additional resistance, of which an increased torque-angle slope accounted for ~ 70% and a reduction in threshold angle accounted for ~ 13%. x-axis: torque (Nm) due to increased perturbation velocity; y-axis: participant ID; red bars: resistance attributed to threshold angle reductions; blue bars: resistance attributed to torqueangle slope increases; purple bars: resistance attributed to the combination of threshold angle reductions and torque-angle slope increases; crosshatched bars: overall increased resistance residual quantity was greatest when moving from the slowest stretch velocity (i.e., 15°/s) to faster stretches, it presumably reflects slight postural adjustments or voluntary reactions made during the slow stretches, given the relatively long duration of the slow stretches themselves (e.g., a 90° angular excursion at 15°/s would have required 6 s to complete). Nevertheless, for all increases in velocity, the associated increase in the torque-angle slope was the predominant driver of increased resistance to movement as compared either to reductions in threshold angle or to changes not captured by this analysis.
Discussion
We investigated the impact of velocity-dependent changes in reflex threshold angle and reflex stiffness, respectively, within the spastic elbow flexors of individuals with chronic unilateral brain injury. This approach differs from conventional investigations, which have focused on increased movement resistance between spastic and non-spastic limbs. Our goal was to determine which parameter (i.e., reflex threshold angle or reflex stiffness) accounts for more of the velocity-dependent increases in movement resistance after unilateral brain injury, and, by extension, which parameter accounts for more of the changes in spinal motor excitability. Our primary finding was that reflex stiffness accounts for significantly more changes in stretch velocity than reflex threshold angle, explaining 74% of increases in movement resistance across all changes in stretch velocity compared to only 15% for threshold angle. This finding has not previously been reported, and suggests that measures of reflex stiffness, for example the slope of a linear regression fit to the reflex torque vs. elbow extension angle relationship (Fig. 4, top panel) , may be useful as standalone measures Fig. 10 Proportion of increased torque attributed to threshold angle and torque-angle slope changes for all possible increases in stretch velocity. a Average across-participant increase in reflex torque (Nm) for all possible increases in stretch velocity; colormap: 0-12 Nm. The maximum increase in torque occurred for the largest increase in velocity, from 15°/s to 150°/s (red color, top right). b Average acrossparticipant change accounted for (CAF) by an increased torqueangle slope for all possible increases in stretch velocity; colormap: 0-100%. CAF by torque-angle slope ranged from ~ 60-91% of the total velocity-dependent increase in reflex torque. c CAF by threshold angle reductions; colormap: 0-100%. CAF by threshold accounted for only 7-30% of the increases in torque. d CAF by factors other than torque-angle slope and threshold changes (i.e., the remainder); colormap: 0-100%. CAF by remainder ranged from 1 to 29% of the total increase in torque. All panels: x-axis: stretch velocity (°/s); y-axis: stretch velocity (°/s). The location of each colored square within a panel (defined by x-y coordinates) corresponds to an increase in stretch velocity from the y-axis value to the x-axis value, e.g., the top left corner in all panels corresponds to an increase in stretch velocity from 15°/s to 30°/s. Colormaps denote the magnitude of the parameter indicated by the title of each panel. Blank spaces represent no comparison 1 3 of spinal motor excitability. By demonstrating that robust reflex characterization can be achieved using reflex stiffness alone, these findings increase the efficiency of objective, high-resolution approaches to reflex quantification and motivate a transition away from use of coarse clinical reflex rating scales.
Sensitivity and robustness of reflex-related parameters
Although reflex stiffness and threshold angle can be independently parameterized, they are causally linked in the broader context of reflex manifestation. Indeed, they cannot be decoupled either volitionally or biophysically. However, this coupling does not imply that the two parameters necessarily exhibit the same velocity sensitivity, nor does it imply that a given velocity-dependent threshold angle can only be followed by a particular reflex stiffness.
To this point, we found that reflex stiffness mathematically accounted for 74% of changes in reflex-evoked torque increases (on average). By comparison, threshold angle accounted for only ~ 15%. This finding is related at least in part to the observation that reflex stiffness is modifiable over the entire range of stretch velocities while threshold angle is limited by floor effects. Indeed, at velocities over 90°/s, threshold angle is nearly coincident with starting position across participants. The equilibrium point model (Blanchette et al. 2016; Feldman 1986; Musampa et al. 2007 ) proposes a solution to the problem of threshold angle compression by defining the tonic stretch reflex threshold (TSRT), the theoretical angle at which reflexive muscle activity would begin under static or quasi-static conditions (Blanchette et al. 2016; Calota et al. 2008) . Because the TSRT can appear at angles more acute than biomechanically possible, it removes the floor effect of physiological joint motion. We did not compute TSRT for our participants, however. As a result, our study is not intended to suggest that reflex stiffness is more or less velocity sensitive than the TSRT as defined by the equilibrium point model.
Numerical estimates of reflex stiffness and threshold angle varied depending on the specific parameter definition used. However, reflex stiffness assessed by torque-angle slope was generally more robust to changes in definition than peak instantaneous stiffness or either measure of reflex threshold angle. This may be related to our use of stretches with a large angular excursion, which yields a protracted range over which to compute slope-based metrics. Thus, even in cases where the threshold angle is coincident with the limb's starting position (i.e., the reflex is elicited immediately), we are able to reliably derive slope-based parameters. Additionally, estimates of reflex stiffness may be less dependent upon an individual's volitional strength than estimates of threshold angle. For example, absolute measures of threshold angle (e.g., 0.2 N m above baseline torque) could represent a higher or lower threshold across individuals depending on their volitional strength, whereas relative measures (e.g., the angle at 20% max instantaneous stiffness) are inherently normalized. Indeed, our absolute measure of threshold angle was not significantly correlated with velocity in five participants whereas our relative measure of threshold angle was significantly correlated with velocity in all but one.
Potential influence of clinical presentation on sensitivity of biomechanical variables
We specifically selected a participant cohort with a wide range of clinical spasticity scores. However, if clinical spasticity scores are well correlated with one of our outcome variables, then our estimates of parameter sensitivity may be confounded by this relationship. For example, if higher Ashworth scores were correlated with reduced threshold angles, then individuals with more severe clinical spasticity would presumably reach a floor in threshold angle at lower velocities than individuals with milder spasticity. Thus, it would be more difficult to extract a meaningful threshold angle in this population, biasing our estimate of threshold angle-sensitivity based on the proportion of individuals with mild versus severe spasticity. However, we found no correlations between clinical score and our biomechanical outcome measures.
First, as a representative example, we consider Participants F and I. From a biomechanical perspective, the participants were similar: they were the only two participants for whom threshold angle accounted for more of the increase in movement resistance than did reflex stiffness when stretch velocity was increased from 30 to 150°/s (Fig. 9) , and both participants exhibited low reflex-evoked torque. From a clinical perspective, however, each was unique: Participant F had a Fugl-Meyer score of 12, the lowest in our study and indicative of severe post-stroke motor impairment, and an Ashworth score of 3, indicative of considerable spasticity. In contrast, Participant I had a Fugl-Meyer score of 40 and an Ashworth score of 1-considerably milder overall impairment.
Next, across all participants, we investigated potential correlations between Ashworth score and change accounted for by reflex stiffness and threshold angle, respectively (Fig. 11) . Pearson correlation analysis revealed that a linear relationship between Ashworth score and reflex threshold angle explained only 14% of the variability in the data, failing to reach significance at the α = 0.05 level (Fig. 11 , gray circles; P = 0.21). This finding is further supported by the available literature, which has also found Ashworth score and threshold angle to be independent (Calota et al. 2008) . A linear relationship between Ashworth score and reflex stiffness also failed to reach significance (P = 0.39), explaining only 7% of the variability in the data (Fig. 11 , blue circles). However, it should be noted that conflicting reports exist in the literature as to whether reflex stiffness is indeed correlated with Ashworth score (Alibiglou et al. 2008; Bhadane et al. 2015; de Vlugt et al. 2010) . Nevertheless, these secondary analyses suggest that our estimates of threshold angle and reflex stiffness were not biased by the distribution of clinical scores in our study population.
Limitations
Our study has important limitations. For example, we did not control for time-post-injury across participants, which could have increased the overall variability of our findings via changes in muscle properties (although changes in passive joint stiffnesses and muscle fascicle length can occur within the first year after hemiparetic stroke (Nelson et al. 2018) ). The study also did not conduct simultaneous EMG analyses of reflex responses. This choice was made primarily because the definition of spasticity-a common clinical correlate of spinal motor excitability-is an increased velocity-dependent resistance to movement (Lance 1980a, b) . We also elected to use biomechanical measures because placement and analysis of EMGs requires more time than a purely biomechanical assessment, limiting its translation to clinical or clinical research settings. Further, only a subset of muscles can be reliably accessed for EMG recording, and the mapping from EMG to joint torque is not clear, particularly during a dynamic task with altered neuromuscular control (Schmit et al. 1999) . Finally, because our goal was not to investigate the neural mechanisms that drive changes in reflex stiffness or threshold angle, EMG activity was not required. Nevertheless, the addition of EMG data in this purely research setting would inevitably provide a richer picture of spinal motor excitability, particularly if using advanced tools that enable non-invasive high-yield motor unit analyses (McPherson et al. 2016; Miller et al. 2014 ).
An additional limitation of this work is that it focused only on the paretic elbow flexors. Therefore, our findings do not provide direct insights into the relative velocity sensitivity of threshold angle and reflex stiffness at the wrist, knee, or ankle joints (although threshold angle and reflex stiffness can be calculated at those joints, as well). Finally, we did not set the home position to be a fixed angular excursion from each participant's threshold angle. As a consequence, some participants' threshold angles were closer to the standardized home position than others (47°-55° elbow flexion). For example, if the home position for Subject J (Fig. 3) had been approximately 60°-65°, reflexive torque would have been developed immediately in angle-space, and no clear threshold angle would have been recorded. The dependence of threshold angle on home angular position underscores the utility of reflex stiffness as primary outcome measure.
Clinical implications
Our results indicate that reflex stiffness-and in particular torque-angle slope-is substantially more sensitive to changes in stretch velocity than reflex threshold angle in the paretic elbow flexors. Thus, we advocate using the torque-angle slope as the primary outcome measure for biomechanically-based assessments of spinal motor excitability in the paretic elbow flexors. This approach will continue to yield sensitive assessments of reflex activity even in situations where a clear threshold angle is not readily identifiable (e.g., due to significant spontaneous muscle activity at rest or an inability to achieve a sufficiently flexed home elbow angle). Although the most commonly used clinical spasticity scale (the Ashworth scale) does provide a measure of movement resistance that is indirectly related to the torque-angle slope, this estimate is both coarse and inherently subjective. Additionally, the scale's inter-rater reliability and sensitivity are questionable (Fleuren et al. 2010 ). The Tardieu scale and its modified versions seek to estimate both a catch angle (similar to the velocity-dependent threshold angle) and the overall resistance to movement (Tardieu et al. 1954) . However, the Tardieu scale is also coarse and has high inter-trial variability (Ben-Shabat et al. 2013; Haugh et al. 2006; Li et al. 2014; Naghdi et al. 2014) .
The lack of granularity inherent to current clinical spasticity assessments is particularly problematic when assessing Fig. 11 Ashworth score is not correlated with biomechanical parameters of the elbow stretch reflex response. Gray circles: proportion of increased reflex torque accounted for by threshold angle, plotted as a function of Ashworth score for all participants; blue triangles: proportion of increased reflex torque accounted for by reflex stiffness, plotted as a function of Ashworth score for all participants. Solid black line: linear regression for threshold data; dashed line: linear regression for stiffness data. Ashworth score was not correlated with reflex torque or stiffness (P = 0.21, P = 0.39, respectively) the effects of physical and/or pharmacological interventions, or when patients are assessed by multiple clinicians. As a result, we also advocate using single degree-of-freedom mechatronic devices for spasticity quantification in the clinical setting. For such examinations, we recommend using stretch velocities greater than ~ 100°/s, as the sensitivity of the torque-angle slope to changes in velocity was most prominent during the fastest stretches while the impact of movement artifacts was simultaneously at its lowest. Additionally, higher stretch velocities will have the pragmatic benefit of more reliably eliciting reflexes, even in individuals with less severe spasticity. And, to reiterate, despite the presence of some intra-participant variability when comparing different definitions of the torque-angle slope, we observed no systematic differences between estimation techniques across the experimental cohort. Thus, torque-angle slope appears to be sufficiently robust in the paretic elbow flexors to be detected with multiple definitions, given a precise, objective means of acquisition and a high-resolution measurement of the biomechanical response.
Our approach also has the potential to be adapted to other joints. For example, the protocol described here could be adapted to the knee, ankle, or wrist joints. Clinically available mechatronic devices (e.g., the Biodex system) typically ship with attachments for the knee and ankle as well as the elbow, and ramp-and-hold perturbations have been described for these joints in the literature [e.g., (Sinkjaer and Magnussen 1994) ].
Finally, our approach could be applied to motor abnormalities beyond spasticity and clinical populations beyond unilateral brain injury. Indeed, interventions targeting other components of the post-stroke sensorimotor impairment sequelae (e.g., the upper limb flexion synergy) may still impact spinal motor excitability or benefit from a reduction in spinal motor excitability. For example, it has recently been shown that targeted neuropharmacology can reduce flexion synergy expression by disfacilitating spinal alpha motoneurons (McPherson et al. 2018a ). The protocol described here could provide an efficient additional outcome measure for inferring the nature and extent of changes in spinal motor excitability. Additionally, our protocol could be applied to other neurological conditions that would potentially result in altered spinal motor excitability, including but not limited to spinal cord injury, cerebral palsy, and multiple sclerosis.
To summarize, the practical relevance of our approach from a motor impairment standpoint is twofold: (1) the testing protocol and reflex stiffness outcome measure are direct measures of stretch reflex excitability/spasticity, and (2) it is an indirect measure of overall spinal motor excitability. Because changes in spinal motor excitability are implicated in many motor impairments post-stroke, this approach has wide potential applicability. From an intervention standpoint, the practical relevance of our approach is also twofold:
(1) it utilizes objective, high-resolution outcome measures that provide an efficient yet sensitive approach for characterizing changes in spasticity and/or spinal motor excitability in a given individual before and after an intervention, and (2) because it utilizes clinically available physical rehabilitation devices, it is not contingent upon the intra/inter-rater reliability of individual practitioners. Thus, our approach will facilitate longitudinal tracking of individuals, meta-analyses of reflex data collected across multiple sites, and/or directed multi-site trials.
